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INERTIAL IMPACTION EFFICIENCY OF CYLINDRICAL COLLECTORS BY DIGITAL TECHNIQUES
t ~AND EFI- CTS OF PARTICLE SIZE DISTRIBUTIONS

1. INTRODUCTION.

The deposition of particles of intermediate size (10 to 200pmn diameter) on collectors in a flow stream is,
prin~ipally based on the inertia] impaction inmen. Inertial impatiuwi of par tiJes on Lolletors is of interest in
diversified areas such as crop dusting. nmo±Atuitu spraing. jar pollution .ontroI. .jae,,aft iing. oartitulate buildup onl
heat exchangers, and in pratticall) an) drlmiinstan~c %here matter in patitilaitc ft~n is removed fromt a transport
fluid. The efficiency with whit.h thre partid;es are removed fromi thre flo stream is a lund ion of thre partitlc size,
uallettor size. and flow field .onditions. For a stationar% -)ytindct in a moving airsircamn, the impaktion effikien-..y is
defined as the ratio of the cross-sectional area of the upstreamn envelope uontaining the traje.-tories of the partiLles
whi~h intersect the collector surfa.-e to the Lruss-se.-tional area of thre y lndriL~al 0ulce-tor normal to the dire.-tion of
flow. Estimates of the impaction effisien,) for a given set of Londitiorib Lan be fouind by --.ompiting thle tra jeouri-s
of the particles that challenge the colle.-tor or by graphiiall) deteraniniv, tile effikicn,.y from -Lurvcs .onstruLted
from the point-by-point trajeLtor) Lakulations. These methods aie adequatc when only a few data points ire of
inierest but the technique betornes tedious when estimating effiLiei~acs for a '.ariet) of possible impattion
Londitions. In addition, the aerosol that Lhallengcs the Lollec.tor generally L-oils of a wade range of sizes depending
on the method used for partile generation. It as re.-ognized that, if a single parameter. suJi as the mass miedian
diameter (MMIND). is used to Jiara,terize thre partile size distribution for oniputational purposes, tile expe~ted
theoretical impaction eficien.y Lanr be grossl) different from thre experimental eltiLICIIIY. These differenes Lan be
attributed in part to the turbulent nature of the flow field and to thre nonlineai hiarajter of the iniertial amipa10ilo
effien.y LUrves. The objectives of this study have been to develop a vinputer program~ that rapidly Lajkulates thle
in~ertial amipa~tion efficiency of %vliiidttal -olletors for aiiy given set of laiiinar nlow -Londitions and to de-,ise a

technique to assess the effects of a parti,.ular p~article siic distribution onl impaotion efficiency.

II. BACKGROUND.

The theory of inertial !impaction of spherat-al particles onl Nylindti.-al L-ollectors in ain ideal flow field is
based onl a iunerL,al solution of the equationls of niotioni of the partitdes maid,tguing ti ansport aiound the bluff
body. Development of the theory and asso,,iated digital uniputer tedinaqajes Ila-, been des..ribed iap~rviuts study
and provides the basis for this report. Langinuar and Blodgett 2 proposed the following dimensionless forni of thec
equations of motion for a particle in Cartesian coordinates.

dv, CDRe I(I

dr 24 K

dvy C DRe I

dr 24 K (u 'y ~ (2)

where

v~ ~= particle velocity component,, normalized by tile free-s: reamn velocity

lix. tav = airst ream velocity ceipoalents niormialized by thle I ree-sticani Velocity

U = free-stream velocity at anl infinite damanee from the cy'liiid.i surface



I CD = drag coefficient for spherical particles in fluid

Re = Padp;"  particle Reynolds number with respect to local relative velocity

P = fluid density

p = fluid viscosity

d = particle diameter

K iner inertial parameter of particle (3)

force required to cause a change in its direction of motion. If Stakes' law of resistance is assumed, the inertial
pprameter represents the ratio of the "stopping" distance of a particle projected with velocity U into still air to

the radius of the cylinder. A second dimensionless parameter proposed by Langmuir and Blcdgett is the velocity
field scaling parameter, K, originally defined in terms of the free-stream particle Reynolds number. The 

parameter is used to calculate the magnitude of the instantaneous Reynolds number of the particle at any point
in the flow field and can be related to the Reynolds number of the cylindrical collector as follows:

Re2 18p 2UR = 9Pa~ 0 a - (Rec) (4)
K pp p

where

Reo  = = free-stream Reynolds number of the particle

Rec  free-stream Reynolds number of the cylindrical collector

The magnitude of the 0 parameter at any point in the particle path is a measure of the deviation from Stokes'
law due to the forces acting on the particle.

The starting point for a mathematical description of the fluid flow field around the collector is the
Navier-Stokes equation. A solution to the general Navier-Stokes equation is possible after a number of limiting
assumptions are made with respect to the fluid and flow conditions. One form of qolution can be found if the
fluid is assumed to be ideal; i.e., constant density, irrotational, and without viscosity. The flow pattern around
the cylinder under steady-state conditions is dependent on the Reynolds number of the collector. Where the
Reynolds number of the cylinder is one thousand or greater (0 2 10 in air), the flow can be considered ideal in
the absence of turbuleice and the flow field is adequately described by potential theory for an incompressible
fluid. The streamlines for flow outside the cylinder can be obtainea and the airstream velocity components can
be written in dime",ionless terms as simple functions of the reduced position coordinates !; namely,

y
Ux l+ (x2 + y2)2  

(5)

= 2xy (6)

(x2 + y2)2
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where the Cartesian coordinates have been normalized with respect to the cylinder radius.

A numerical solution of the differential equations of motion given above requires the instantaneous drag
force on the particle to be estimated as the trajectory is developed. The steady-state drag coefficient of the sphere is
a function of the Reynolds number, and the reliable experimental da.a as tabulated by Fuchs3 have been
interpolated to obtain these estimations. The probable error in the drag coefficient for solid opheres is claimed by
Fuchs to be less than 4% over the Reynolds number range of 0.01 to 500. These data are nearly identical to the
experimental data cited by Schlichting4 as adopted and reported by Hussein and Tabakoff. 5 Over the Reynolds
number range of 0.10 to 7.0, the earlier approximations used by Langmuir and Blodgett differ from the current drag
coefficient data.

The Cartesian coordinate system used in calculating the trajectory of particles around the cylindrical
collector is identical to that of Brun, Lewis, Perkins, and Serafini6 and is shown in figure 1. The motion of the
particles is in a plane perpendicular to the cylinder axis which is the origin of the coordinate system. Theoretically,
the maximum angle of impingment, 3

M, is the angle beyod which no deposition occurs by the inertial mechanism.

Several simplifying assumptions have been ,nade in the derivations and in computing the trajeatory of a
particle. These assumptions include the following:

I. At an infinite distance upstream of the cylinder, the particles have horizontal and vertical velocity
components equal to the free-stream air.

2 The particles are spherical, monometric (uniform size), and monodisperse (single particles), and they
do not evaporate or deform.

3. Gravitational, electrostatic, and any other external forces are negligible.

4. The particle radius is negligible with respect to the cylinder radius. (For interception effect
considerations, see previous publication. 7)

5. The boundary layer about the cylinder surface does not affect the particle trajectory.

6. The airflow around the cylinder is described as ideal and without circulation and is unaffected by the
presence of the particles.

7 The instantaneous drag force coefficient for the particle is given by the steady-state data and is not
subjected to acceleration effects.

8. All particles that strike the collector adhere to it.

Results of the digital computer trajectory calculations to determine the efficiency of impaction of
spherical particles on cylindrical collectors in an ideal flow field as a function of the K and 0 staling parameters are
shown in figure 2. The impaction data for inertial parameter values less than one (K < 1) are displayed in figure 3.
In addition to the impaction efficiency, the maximum-angle-of-impingement data are plotted in figure 4. The theory
has been experimentally verified under laminar flow conditions for a wide range of inertial parameter and velocity
field scaling parameter values. 8" ! ! In general, however, the theory is inappropriate for accurately predicting the
impaction efficiency of particles possessing small inertial parameter values on collectors in fluid flows that exhibit
turbulence intensity levels above 7.5% or when the Reynolds number of the colle.tor is less than approximately one
thousand (0 = 10 in air).' 1 Further, the collection efficiency of a cylinder that is challenged by a distribution of
particle sizes is not accurately predicted by a single particle parameter such as the mass median diameter.,12 For
many practical circumstances, though, the theory is quite sufficient, and this study has been undertaken so that
impaction efficiency predictions can be rap:lly made by computer with minimum input data requirements or
computer programming background.

8
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I1. METHODS AND R ULTS.

Results of the point-by.point trajectory calculations define the inertial impaction theory as shown in
figures 2 2nd 3 and provide the impaction efficiency as a function of the K and 0 scaling parameters. These data serve
as the standards for which unique exponential functions have been obtained to fit the curves. The analytical
expressions for the standard 0 curves can then be interpolated to determine the impaction efficiency for any
nonstandard K and 0 value. A digital computer program has been developed to perform these calculations and only a
minimum of input data is necessary for operation.

The standard velocity field scaling parameter curves selected for fit include ) 0; 1; 2.2; 5; 10; 22; 50;
100; 200: 500; 1,000; 2,210; 5,000; and 10,000. Each curve has been subdivided into four inertial parameter ranges
and each portion, respectively, has been fitted by the same form of the unique exponential functions. Any
differerces that occur between the computed efficien,., along a standard 0 curve and the point-by-point impaction
efficiency data are in the third or higher significant digit position and the maximum relative error observed has been
less than 1%.

Lagrange's interpolation formula has been used to compute impaction efficiency values for velocity field
scaling parameters enclosed within the aforementioned standard 0 values that are equal to or greater than one. The
formulation used in this study has been defined as

M

M1 (In 0 -In
j=l (7)

= E =I

jl

i=l

where

E = 1.0/lexp[exp(AN(lnK)N+AN.I(InK)N-1 +... + A2 (lnK)2 + AlInK + Ao)]J (8)

and

0.13< K < 64

0i, 01 = 1;2.2;5; 10;... 5,000; 10,000

i,j : 1,2 .... 13

M = 1, 2,..., 13

N 4-7

12



irip
If64 < K < 300,

= 1;5;22; 100;500;2,210; 10,000

M=7

where K = inertial parameter valuL of interest; 0.13 <K<300.

One advantage of Lagrange's interpolation formula over other interpolative routines is that equidistance values of the
independent variable are not necessary to obtain a reliable value of the dependent variable. For 0 values between 0
to I, where the potential flow assumption may not be valid, a linear interpolation has been employed.

Comparisons have been made between impaction efficiency values obtained by the interpolative method,
and the point-by.point trajectory technique and relative errors are less than 1% when the absolute impaction
efficiency is greater than 5%. For impaction efficiencies less than 5%, the largest relative error observed has been
within 10% of the point-by-point trajectory calculated efficiency value and is due principally to round-off
(four-place accuracy). The trajectory calculations had been terminated at the inertial parameter value of 64.
However, the interpolative routine extends this range to K values of 300 where the impaction efficiency curves
asymptotically approach the theoretical limiting efficiency of 100% for point-mass particles. Consequently, for all
practical purposes, the interpolative routine provides an accurate prediction of the impaction efficiency of spherical
particles on cylindrical collectors over an extensive range of inertial parameter values. A complete and detailed
description of the digital computer program developed in this study is contained in the appendix.

Experimental verification of the inertial impaction theory has been accomplished over a wide range of
parameter values. The theory turns out to be remarkably accurate for the monometric (single-size) particles used in
the experimental efforts especially in view of the assumptions that have been made regarding fluid properties and
flow conditions.

In practical applications, however, the aerosol that impacts on a collector will seldom consist of particles
of uniform size. The size distribution of the aerosol is a function of the methods and techniques used in generation
of the particles. A single empirical or theoretical equation does not exist that can universally predict the particle size
distribution resulting from the dispersion of liquids by spray nozzles, hot and cold gas atomizers, and explosive
disseminators or the dispersion of solids from mechanical dispersers.

A vast literature has been developed by various authors in their attempts to obtain mathematical
distribution functions that characterize experimentally generated particle size distributions. Familiar examples
include the Nukiyama-Tanasawa equation for drop sizes in sprays generated by air atomization, the Rosin-Rammler
equation for pulverized coal, Roller's formula for powder materials, the normal distribution function for
symmetrically distributed particles of narrow size range such as plant spores, and the log-normal distribution for a
large number of condensation, natural, and mechanically generated aerosols. However, the intent of this study is not
to generalize on particle size distributions or delve into their specific merits and methods but rather to examine the
necessity of accounting for the particle size distribution when predicting the impaction efficiency of a particular
cylindrical collector.

1
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A sirnple technique used to obtain a size distribution has te-en to microscopically observe and measure a
representative sample of an aerosol population. The number of particles that lie between radius r and r + dr can be
found as a function of the radius. The fraction of the total number of particles that lie in an interval is given as
dn = z)dr

where] i(r)dr = 1.

The relative frequency distribution curve is found by plotting the resulting data representing dn, and the
various distribution functions mentioned above can provide a mathematical expression of the function, f(r).

Distribution functions can be mathematically expressed and used in a number of ways depending on the
problem requirements. In some instances, the cumulative fraction of particles having radii greater or less than some
radius is convenient. Thus, respectively,

F(r) = f(r)dr or F(r) = f(r)dr

In addition to the number distribution, the mass distribution function can be determined and is useful in many

practical applications. The mass fraction of particles having radii between x and x + dx is written as df = f(x)dx00

andf, f(x)dx = 1. The mass distribution function is related to the number distribution function as

fRx) = W mrf(r)

where

mr = mass of particle with radius r

W = proportionality constant

With respect to impaction of particles on collectors, one is usually interested in the mass distribution
function because the dose acquired by the collector is dependent on the aerosol mass that is deposited over the
sampling period. Ira order to estimate the mass collected, an average particle size is generally computed and applied
to the inertial impaction theory. The objectives of using an average diameter or other measure of central tendency
are to provide a single number that will simply des,.ritte the behavior of the entire aerosol population and to
eliminate an extraordinary number of tedious calculations. The problem is that the inertial parameter value
computation makes use of the square of the particle diameter and, further, the impaction curves are a nonlinear
function of the inertial parameter. Consequently, an accurate estimation of impaction efficiency or mass deposit can
only be expected when a single particle size estimator is used if the particle size distribution is over a very narrow
range.

In order to demonstrate the effect that a particle size distribution has on the impaction efficiency.
experimental data are required for comparison purposes. Most of the experimental work that has been performed in
the past to verify the inertial impaction theory has been conducted with monometric (single-size) aerosols. One
notable exception is that of Landahl and Herrmann.' 2 Several authors refer to these data but they consider the
results to be of limited value due to the use of heterogeneous aerosols, especially at small values of the inertial
parameter.

14
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Landahi and Herrmann studied the deposition of aerosols on wires and cylinders with particles generated
by an impinger-type atomizer and by a "modified Brink's nozz:ie." The size distributions wiere obtained by cascade
impactor-, and microscopic observations and representative distributions of the clouds produced are illustrated in
the following table:

Diameter

Percent Small particle Medium particle Large particle
cloud cloud cloud

pM pm pm

5 (0.8) 1.8 5

10 1.0 2.9 8

50 4.0 13 28

90 12 40 58

98 (20) 55 75

*Percent of mass less than stated diameer.

These data are not easily fitted or well represented by the aforementioned distribution functions.
However. a general statistical distribution function that has found wide applicability recently is the Weibull
distribution function. 13-1 This distribution function has been successfully used in processes involving limits
and maxima/minima problems that include lifetime and failure rate distributions of electrical systems. It has also
been used for describing bounded particle size distributions.

The cumulative distribution function of the Weibull distribution has been applied to the Landaihl
and Herrmann data and has been expressed in the following form:

FRx) I exp I &+) (9)

where

F(x) cumulative mass fraction

x particle diameter (pm)

7 = minimum size; location parameter (um)

=1 characteristic size; scale parameter (pm)

03 = shape parameter

The tria!.and-error method of estimating the Weibull parameters has been described by Nelson 15 and
a digital computer program has been developed1 6 to estimate the parameters of the distribution function for the

15



small, medium, and large particle clouds. The parameter approximations obtained by the principle of maximum
likelihood method turn out to be as follows:

Parameter Small cloud Medium cloud Large cloud

5.3053 17.9678 34.4356

0.9532 1.1183 1.7461

" 0.5919 0.5269 -1.7375

Evaluating the ,umulative mass funahlon for the experimental partklc diameters to assess the Weibull distribution
fit yields the following comparisons:

Experimental Small cloud Medium cloud Large cloud

F(x) x F(x) calculated x F(x) calculated x F(x) calculated

% 'm % 'Um % Pmn

5 0.8 5 1.8 5 5 5

10 1.0 9 2.9 10 8 10

50 4.0 52 13 50 28 51

90 12 90 40 92 58 91

98 20 98 55 97 75 98

As observed, an adequate fit is obtained for all clouds considering the limited available data and the
wide size distributions that are involved. It must be emphasized again that the objective is not to find the
"correct" distribution function to describe a particular particle size distributior but rather to approximate the
function as simply as possible and to test whether the resu'tant distribution significantly affects the impaction
efficiency predictions.

Given the above distribution functions and approximate values for the Weibull parameters, one can
solve equation 9 for the particle size as a function of the cumulative mass fraction. F(x); namely,

x = ( ('0) Eln(l.l )()

Subsequently, by selecting appropriate values for F(x), the average particle size associated with a
given particle mass interval can be determined by difference. For example, if 30, of the cloud mass has particle
sizes below 7.4 pm and 31% of the cloud mass has particles less than 7.6 pm in diameter, then 1% of the cloud
mass is represented by particles with an average diameter of approximately 7.5 pm. The impaction effkien.y for
each size interval can then be computed and an average efficiency can be obtained for the entire distribution.

16



A computer program has been written to perform the tedious computations for each !7 mass
interval, and the average distribLtion impaction efficiency is found based on 96T of the cloud mass. In addition.
the program provides the impaction efficiency based stnctily on the mass median diameter of the cloud. The only
supplementary imput requirements necessary for use of the distribution function option to the computer
program are the Weibull parameters 11, (3, 7.

The sample distribution functions have been used to compute average impaction efficiencies for
comparison with the experimentally obtained efficiencies of Landahl and Herrmann. The results of these
computations are included in table 1. The velocity field s.aing parameter values for the Landahl and Herrmann
tests are very low and theoretically the potential flow assumptions regarding the fluid flow field should not
apply. Further, Landahl and Herrmann state that the airflow was turbulent, but the degree o turbulence is not
indicated. In addition, the illustrative particle size distributions provided by Landahl and Herrmann do not
correspond with their reported efficiency data except for the 13-jum.MMD case. N.vertheless, examination of
table I clearly shows that the theoretical impaLtion efficiencies for the distributw'., functions more closely
predict the observed inpaction effiwienies than the mass median diameter .omputed cffi-encies for almost al!
circumstances. This is especially tru. for the 13-pm-MMD case where the assumed particle size distribution
apparently matches the experimental mass median diameter and the theoreti.al efficiencies turn out to be
,.onsiderably more accurate than the mass median diameter prediction. Note that the small- and large-cloud
particle size distributions have mass median diameters that exceed the experimental mass median diameters and.
therefore, tend to overestimate the theoreti| al tfl.iencies from the distribution function. Thus, to summarize the
results, when the particle size distribution is used to ompute the average impation effi.ienc) for the Joud, the
prediction ,.orresponds much more .losely to the observed efficienty than that of a simple mass median diameter
prediction. The predictions are relatively accurate when the partile size distribution is known as eviden.ed by
the 13-pm.MMD test case.

IV. DISCUSSION.

The important conclusion that can be drawn from the theoreti-al and experimental data presented in
table I is that use of the mass median diameter to describe a particle size distribution will seldom result in a'
accurate prediction of the impa,.tion efficiency for the .loud. In general. at large halues of the inertial parameter,
K, the mass median diameter overestimates the impa.tion effi-cen.) of the distribution, whereas, for small values
of the parameter where the theoretical efficienc.) for the mass niedian diameter is less han 17,. the efficiency
can be underestimated by orders of magnitude. These differences are due to the nonlinear character of the
inertial impaction. theory. However. when die partide size distribution is .onsidered in the predictions, the
agreement between theory and experiment is much better.

Calculations were perforaied using the typical particle size distributions previously given to
determine the range of inertial parameter values over %hich the nass median diameter predi.tions were within
=107o of the average impaction effi,.ien,.ies for the distributions. In general, if the mass median diameter yields a
K value between I and 2, for all 0 values, the effect of the distribution on effit.iency need not be considered.
When the inertial parameter value based on the mass median diameter lies outside this range, the average
distribution efficiency will differ from the mass median diameter predicted efficien , byi more than l0'. To
accurately predict the impaction efficiency for heterogeneous aerosols when the K value for the mass median
diameter is less than one, the particle size distribution must be taken into a.c.ount. Unfortunatel), data are not
available to determine the degree of monometncity of the distribution iat is required in ordcr that the mass
median diameter or other average particle diameter %ill adequately represent the population over the entire
inertial impaction region of interest.
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It is also interesting that the predicted efficiencies are close to the experimentally measured
effi-,encies even though the velocity scaling parameter values arc much less than 10 in some cases. In general, the
lower 0 values would lead to reduced impaction efficiencies because the flow field would tend to exhibit viscous
flow properties. On the other hand, no account of interception effects has been made for the interpolation
routine, and interception could occur since the particle to collector diameter ratios are substantial The mass
median diameter to collector diameter ratio ranges from 4.1 X 10

4 to 3.4 X 10-1. The effect of interception
would be to substantially increase the values of the mass median diameter efficiency. However, with such large
diameter ratios, the collection efficiency may not equal the theoretical impaction efficiency due to particle

* l bcunce-off and re-entrainment from the collector surface.

The Weibull distribution finction is a simple mathematscal function that adequately fits the data of
Landahl and Herrmann. It may not apply to all particle size distributions of interest but as stated by Professor
Weibull, -The only practical way of progressing is to choose a simple function, test it empirically, and stick to it
as long as none better has been found."' t 3 The graphical technique for estimating the Weibull parameters as
presented by Nelsonts was found to be convenient and simple to use, and best estimates of the three parameter
values can be rapidly found by digital computer. 16

The computer program prepared for this study and presented in the appendix enables impaction
efficiency predictions to be made over practically the entire region of interest of inertial impaction on cylinders.
Four optional computational methods are provided for the user depending on the amount of input information
available. Option I provides the impaction efficiercy of a cylinder and assumes unit density particles and an
ambient temperature of 20"C. The only input requirements are the mean windspeed. cylinder diameter, and
particle diameter ii centimeter-gran.second units. Option 2 makes use of all the variables required to compute
the K and 0 parameters defined by equations 3 and 4, but the program provides the necessary calculations based on
these input values. Option 3 assumes that the user has computed the K and 0 parameter values from equations 3 and
4 and desires only the predicted efficeicy. Thus, only the K and 0 input values are required. Option 4 considers
the Veibull distnbution function and requires all input data from option 2 except for the particle diameter for
which the Weibull parameter estimates of q. 3. and / are substituted. The program computes the average
impaction efficiency of the distribution, as well as the efficiency based on tie mass median diameter of the
distribution. Option 4 has been separated from the main program so that the reader could substitute his own
distribution function, if required. with only a few minor program chaiges. A detailed explanation. sample input
cards, test cases with sample outputs. and the complete program are provided in the appendix for the
convenience of the reader.

The approximation methods developed in this stud% to calculate the impaction efficiency of a
cylinder for any K and 0 value have reduced the computational time for the poiti-by.point trajector
calculations used to develop the inertial Impaction theor) from 5.6 seconds to 13 milliseconds per data point on
a digital computer comparable to a Univac 1108 computer witiout sacrificing the accuracy of the prediction

V. CONCLUSIONS.

I. Standard inertial impaction efficiency curves for cyl;nders developed from point-by-point

trajectory calculations have been fitted by unique exponential functions.

2. Lagrange's interpolation formula has been adopted and applied to compute the impaction j
efficiency of a cylinder for any parameter values of 0.13 < K < 300 and 0 < 0 < 10.000.

3. The accuracy of the inpaLtion efficiency computations by use of the digital computer
program is withi 1% of the point-by-point efficiency predictions.

19
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4. The cumulative distribution function of the Welbull distribution has been Incorporated into
the digital computer program and has been used ) fit the experimental particle size distributions of Landahl and
Herrmann.

5. The average impaction efficiency for the particle size distributions and the mass median
didmeter impaction efficiencies have been compared to the experimental data obtained by Landahl and Herrmann
for heterogeneous aerosols.

6. Use of a mass median diameter to characterize a particle size distribution does not accurately
predict the experimentally obtained impaction efficiency. For large values of the inertial parameter, the mass
median diameter overestimates the efficiency and, at small inertial parameter values, the mass median diameter
significantly underestimates the impaction efficierncy.

7. Consideration of the particle size distribution in impaction efficiency predictions results in
good agreement between theory and experiment.

20
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APPENDIX

DIGITAL COMPUTER PROGRAM FOR INERTIAL IMPACTION EFFICIENCY COMPUTATIONS

I. INTRODUCTION.

The computer program IMPEF and its subroutines LAGRNG, WEIBUL, and POLY have been witten for
the Edgewood Arsenal Univac 1108, time-sharing, multiprocessor system.

IMPEF has four executable options. Three of these enable the user to input various particle and fluid flow
conditions to obtain an inertial impaction efficiency value. The fourth option computes the average impaction
efficiency for a particle size distribution generated from the Weibull distribution function and provides the
impaction efficiency for the mass median diameter (MMD) of the distribution.

11. MATHEMATICAL BASIS OF PROGRAM IMPEF.

The first step in the development of the approximation methods has been to employ the point.by-point
particle trajectory method* to obtain the inertial impaction efficiency curves for 14 selected velocity field scaling
parameter values chosen as standards ( = 0:2.2; 5; 10; 22; 50; 100; 200; 500: 1,000; 2,210; 5,000; 10,000).

Polynomial equations have been developed that accurately fit the standard 0 curves. Each curve has bee.
sectioned into four parts representing four intervals of the inertial parameter, K (0.13-0.22; 0.22-0.5; 0.5-1.0;
1.0-64.0). The polynomial coefficients are stored in the subroutine POLY. If the K parameter lies between 0 and
0.13, the impaction efficiency is assumed equal to zero based on results obtaired from the point-by.point trajectory
model computations.

In order to approximate the impaction efficiency for any nonstandard 0 value over the range I < <
10,000, Lagrange's interpolation formula has been applied after assuming a functional relationship exists among
the efficiencies at a given K value. The advantage of Lagrange's interpolation routine is that equidistant values of
the independent variable are not necessary to obtain a reliable result. A linear interpolation has been used for
those cases where the 0 value falls between 0 and 1.

Lagrange's routine is utilized with alternating standard 0 curves (1; 5; 22; 100; 500; 2.210: 10,000) to
compute efficiencies for inertial parameter values in the extrapolated range of 64 < K < 300.

The adaptation of Lagrange's interpolation formula used in the LAGRNG subroutine of the program

IMPEF is written as:

M

Mn (In -In 0 1
H' (In -ln j)

j=!IE0 E~ f

N=I
i/:j

i= I

*Stuempfle, A. K. EATR 4705. Impaction Efficiency of Cylindrical Collectors in Laminar and Turbulent Fluid Flow. Part I.
Inertial Impaction Theory. March 1973. UNCLASSIFIED Report.
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where

4E, = .0/iexptexp(AN(InK)N + AN (nK)N1 + .. + A-,(1nK) 2 + A1 InK + A0 )II

and K = inertial parameter value of interest; 0.13 < K < 300.

If 0.13 <K <64,

Oi j= 1; 2.2; 5; 10; 22; 50: 100; 200.; 500; 1.000; 2,2 10; 5,000; 10,000

i,j 1, 2, ..., 13

M =1,. 13

N =4, 5,6 or 7

If 64 <K < 300.

i, j 1. 2..,7

M =7

AIsare the coefficients obtained fromn the fit of the standard cunes and are given iin the subroutine POLY.

111. EXPLANATION OF INPUT FOR PROGRAM IMPEF WITH EXAMPLES.

Option One.

Computes the velocity field scaling Parameter. p, the inertial parameter. K, and the inertial impaction

efficiency assuming an ambient temperature of 200C and unit density particles. Requires input of pat tidle

diameter. cylinder diameter. and free-stream wind velocity.

[orimal for Input Cards

Card Column R rmnat Symnbol Denotation Unit

I I lop Option

2-80 79AI ID Data identificationI

2 1-10 1 1O.0 U F~ree-stream velocity cmi/sec
11-20 F 10.0 D Collector diamieter cmi
21-30 F10.0 Pi)M1 Particle diameter microns
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Sample Input

III5 ". I a 2 RWIDS

'5 515 5 515 5 5 5 5555 5 155l55555S5555555 5 555 5 5 555555 5555555555

ONE TWO THREE FOUR FIVE six SEVEN EIGHT-

9 s 9 , s , 9 9 9 i9 9-1j 9 .989999 9199 991 9199999 99 9 399

PIWII L

Sample Output

TEST CASE FOR OPTION ONE
PARTICLE DENSITY 1.0000+00 GM/CC FLUID.DENSITYI= 1.2047-03 GMICC
FLUID VISCOSITY 1.810Di-04 POISE COLLECTOR DIAMETER 1.4000O CM
FREE-STREAM VELOCITY =42'4.650 CM/SEC
PARTICLE DIAMETER= 554000 MICRONS
VELOCITY FIELD SCALING PARAMETERs PHI 42,9023
INERTIAL PARAMETER. K 5.6326
INERTIAL IMPACTION EFFICIENCY =.7353169

Option Two.

Computes the velocity field scaling parameter, 0, the inertial parameter, K, and the inertial impaction
efficiency for the applicable input conditions. Requires input of particle diameter and density, collector diameter,
fluid density and viscosity, and free-stream wind velocity at the applicable temperature.

Reproduced from
best available copy.O
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Format for Input Cards

Card Column Format S) .nbol Deuotation Unit

I I I lop Option
2-80 79A! ID Data identification

2 1-10 E10.0 RHO Particle density gm/cc
11-20 EIO.0 RHOA Fluid density gm/cc
21-30 E10.0 RMU Fluid viscosity poise

3 1-10 F10.0 U Free-stream velocity cm/sec
11-20 F10.0 D Collector diameter cm
21-30 F10.0 PDM Particle diamete, microns

Sample Input

312.5 1. 75.0

1.04FIJ 0 12D4?E-3 1. 81 E-4 -J
2T S7 C S FOR O I ON N -0

Is III$ W14's's11 . _A _ -NVI __2_A 40i. 51 s 1 L 400 Al n~ TV"I 17I 1

'- S 9- To 'i S 2 1 -1 *s- /55i r~ briTii 24 V4 Se 444 1 44 4) 454 021 1 1I 21
-fl W. I F i 2O22r011$i -1 9_2 0_2 3C2Ti 3*_ AV2 4 4 4 4 45 2

II lI !I 01 1' k -

I I I l I I II i i I I'

3 33I3 31111 3!13 13 3 3 3 3 1313 3 3 3 3 33333333333333

PA{ TIC4E 3ES T 3 1. 3 0 0 3M C 3L I DE3I Y 3 3.) 7 O 3 1 11

5 5 1,5 5 5155 5'15 555555 545 5555555i5555 55 i51 41 44444444445'55555

ONEE TWO-T; THREOT OUR FIVE six SEVEN EIGHT
7 77 1 117 7I) 1 7 !1! f l 7 _)1 1 1,- 71 Y I II f17'1 1 - -7 -1 n

INER71 1 A jjE t 1.37988 8 8 8888 &8'88868 SB 1 8 81 a sH 8 I99 9,9 9 999 9 9 99,09SS 9 9 9 99 9 9 59,S : 99,9199 gq!)0~ ~ 99 199 9 -9 9 9 99 9 919l
.;. 5252844 1.4$1 3211,0$.0 5,* i

Sample Output

TEST CASE FOR OPTION TWO
PARTICLE DENSITY =.0430+00 GM/CC FLUID DENSITYI 1.2047-03 6N/CC
FLUID VISCOSITY =1.8100-04~ POISE CCOLLECTOR DIANIETER 1.2300 CH
FREE-STREAM VELOCITY 312.500 CM/SEC
PARTICLE DIAMETER 75.000 MICRONS
VELOCITY FIELD SCALING PARA'IETER9 PHI 25.9453
INERTIAL PARAMETER9 K 9.3793
INER~TIAL IMPACTION EFFICIENCY =.8221'419
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Option Three.

Computes the inertial impaction efficiency for a given set of K and € input parameter values.

Format for Input Cards

Card Column Format Symbol Denotation

1 II lop Option
2-80 79A1 ID Data identification

2 1-10 F1O.0 PHI Velocity scaling parameter
11-20 FIO.0 RK Inertial parameter

Sample Input

0DSO~p O000oPoo0ooooloo oo oooooo jo~oloooI~ oO 0oo0ooe010oi 39o6s000o 90oo000o0 5908

_ _____ FO IR T

711ONE1 Ji TWO T FOUR FIVE SIX SEVEN EIGHT

IL l|JI l II-$ i ir

Is 35983 W44 *31 4

7 3 4 1 12 26 2732

Sample Output

TEST CASE FOR OPTION 3
VELOCITY FIELD SCALING PAOAMETER, PHI : 8.4367 ,
INERTIAL PARAMETER, K 23.925

INERTIAL IMIACTION EFFICIENCY: .9223695

*POTENTIAL FLUTD FLOw M1AY NOT APPLY
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Option Four.

Computes a particle size distribution generated from the Weibull distribution function, the average
inertial impaction efficiency for the distribution. and the efficiency for the mass median diameter of the
distribution. Requires the Weibull parameter values of the distribution, particle density, collector diameter, fluid
density and viscosity, and free-stream wind velocity.

Format for Input Cards

C~d Column Format Symbol Denotation Unit

I 1 1I lop Option
2-8O 79AI ID Data identification

2 1-10 EIO.0 RHO Particle density gmlcc
11-20 E1O.O RIIOA Fluid density gmlcc
21-30 F10.0 RMU Fluid viscosity poise

3 1-10 11.0 U Free-stream velocity cm/sec
1 1-20 171O.0 D Collector diameter cm

4 1-10 1710.0 ETA WVeibiill scale parameter microns
11-20 FIO.0 BETA WVeibull shape parameter
21-30 1710.0 GAMMA WVeibull location parameter microns

Sample Input

n~2 3*0! 41 37 448 iS of 44, X2

4" a~ 444444441444444444~~~~k 55555555555S95555j55555S15 555S5555

t~f~j 4.ll jaii 13_4"1 1hI 03313-53 1N34 12144 444 4Mt
ONE 2 TW THE FOU FIV 9 0i 401 :1 t1 )2SIXF SEE EIGHTr-36 0414 J 4A
0 00 0000 .000a11 01 00000a 000090 00a000 0 1 00 0001

222k2222 1 222222222222222r 222222222222r2222222i22222222222222222222222222222222222
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TEST CASE FOR OPTION FOU*
PARTICLE DENSITY 1.O3O O SN/CC FLUID OENSITY : 1.2047-03 GM/CC
FLUID VISCOSITY 1*.1OO-O PbISE COLLECTOR DIAMETER .9000 CM
FREE-STREAM VELOCITY = 357.600 CM/SEC
VELOCITY FIELD SCALING PARAMETER, PHI 22.2678WEIBULL PARAMETERt: SCALE 34.4356 SHAPE = 1.7461 LOCATION -1.7375AVERAGE INERTIAL IMPACTION EFFICIENCYI= .4666792

CUMULATIVE MAXIMUM INTERVAL INERTIAL
DER CENT PART DIAM AVERAGE INERTIAL IMPACTION

MASS IMICRONS) (MICRONS) PARAMETER EFFICIENCY
2 2.134

* 3 3.160
* 3.607 .0331 .30,)00

4 4.055
4.459. .0506 .30000C0

5 4.864
5.238 .0698 .0000010

6 5*612
5*964 .0905 .3009000

7 6.315

6.648 .1124 ,10000000
8 6*982

7.300 .1356 .o00r11l
9 7.619

7.925 .1598 .0015139
10 8.232

8.528 .1850 .3071180
11 8.824

9.112 .2112 .0161853
12 9.399

9.679 .2383 .02F82661 3 9.959 Ii
10.232 .2664 .042985214 10.506

15 11.041 13.773 .2953 .058H635

11.303 .3250 .0748713
16 11.565

11.823 .3556 .0916102
17 12.081

12.335 .3871 .10P4189
18 12.589

12.840 .4194 .1253332
19 13.090

13.337 .4525 .1422780
20 13.565

13.829 .4865 .1585318
21 14.073

14.315 .5213 .1749852
22 14.557

14.797 .5570 .1913652
23 15.037

15.274 .5935 .2068813
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CUMULATIVE MAXIMUP INTERVAL INERTIAL

PER CENT PART D!AM AVERAGE INFkTIAL IMPACTION
MASS (MICRONS) (MICPONS) PA;A'4ETE? EFFICIENCY
24 15.512

15.748 .63 al .2219787
25 lS.9&4

16.e 19 .669Z .23b9364

16.433
16.686 .73-1 .2518'21

27 16.919
17.15.1 .7494 .2665775

2.3 17.3r 32 7.3 317 .b 14 ... .2 8:1 Of:7

2? 17.9-.b
IE.376 .4312 .2gtesq1

3 2 1 o .3 *.
1E.535 .1741 .3'F 317

31 lo.7 5

2 19.4 • " .3372'3
"3' 19.681

34 2.136 2).3o& I.1%52.3"

33 2J.594

3;2,.4 63 I.I, 7' 3c " 3"'IE

37 Z! .5oo
21.737 1.2 2!' .333.r 11

3." zl .9bo
22.1 95 1. " 32 .tp -z,7 -

3 ", "? .4 i4
2Z.654 1. 35 .41o373,

498423.114 i13 .2 7 1 2

41'. 4a 23. :, 7E 1 .414' .4 377713
23.8L ;7 24.339 1.701 .44F1161

4 4 7 .71
24.5Cs4. 1. 1 27c .45E24 , 5

44 24.737
24. 1,71 1. =, . P l i

t45 25.23=- 2r.441 1.0;Qb, .4779;E2
ZS.675

25. 12 1. 7,361 .4 p7 3! n

47 ; .148
2' 7 1. 7713 .4 7:io

48 26.6d5

4 3 '7 . 1 S4 73451 2 J4227.345 I.%qS3 .b14 4 24
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CUMULATIVE MAXIMUM INTERVAL INERTIAL T
PER CENT PART DIAN AVERAGE INERTIAL IMPACTTOR

MASS (MICRONS) (MICRONS? PARAMETER EFFICIENCY

50 27.587 1.9361 .5193725 M O

27.830 1.9703 .5237306
51 28.073

28.318 2.0401 .53-24161

52 28.564
28.111 2.1117 .540954

53 29.058
29.308 2.1852 .549354E

54 29,558
29.810 2.2607 .55762'14

55 30.062
30.317 2.3382 .5657571

56 3U°i572
33,829 2.4173 .5737727

57 31.087
31.347 2.499E .581671-2

58 31.608
31.871 2.5842 .58945-5

59 32.135
32.402 2.6703 .5971336

63 32,669
32.940 2.7603 .607n93

61 33.210
33.485 2.8524 .6121673

62 33.759
34.038 2.9474 .6195723

63 34.316
34.599 3.0454 .6 268686

64 34.882
35.17D0 3.1467 3 3 l.

65 35.457
35.749 3.2513 .&412132

66 36.042
36.339 3.3595 .64827.13

67 36.637
36.943 3.4715 .65525F3

68 37.,243 37.553 3.5876 .6621757

69 37.862
38.177 3.7079 .6691"728

73 38.493
38.815 3.8329 .6756322

71 39.138
39.468 3.9628 .6825782

72 3 .798
73 30.73 40.135 4.0980 .68927R7
73 40.473

40.819 4.2389 .6959295
74 41.166 41.521 4.3659 .7025444

75 41 .877

42.242 4.5395 .7091258
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Cj ZU. tLAT1V E M AX IMJM INTERVAL IIJERTIAl
PER CENT DART OIAM AVERAGE INERTIAL IMPACT ION

MASS (MICRONS) (MICRONS) PARAMETER EFFICIENCY

76 42.608
k,2.984 4.7303 .7156791

77 43.36J
43.748 -7 2221 f4

78 44.136
44.537 5.146? .7207"4

79 44.938
45. 353 5."329 7 73Z3 15

83 45.769
46.193 5.4L3i .74173c7

47.378 5.,3 4,24 3

92 47.525
47.992 5. S, 97 547723

3 4 3.4 9
4,.94b r.'j3 51 .761'1243

43.4 3 o
6. 34 - .7G711?d

:)1 .3 3 o. 6 .77g,."4

D2.1 13 .7 8,1 Z c77

,37 532.16:,

tbj'. 2 E ea7.?2 . 7T c-tT

.4.541 7.,: 77 .79 t,

33 55139
55.E86 7.3457 . '31 17 o

.3J77 9.3564

:) . 9o 27 S3"1

3 . .5 7 b i 5 . f 77 9. 3 5 6 u • ) 7 u 7 7 5

93 b1.5138
b E . "12 . '- 7 . I I. 3 1 3 1 0 1

j94 b 3.675
G4.673 1!n .72, .e40' " 14

67.435 I .ii93 .85"7-10
9 6 -- 91i

73.694 12. 714.; I

i7 72.463
74.E63 14.Z399 .R71,2€c

38 77.208

COPY'
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CLAU.2E**ELLECRINO.IMPEF
I C MlAIN PROGRAM IMPEF "'F!
2 DIMlE'SION PD(38).APOU7i)qCS(97).EtS7I.ID(791 IPr!
3 IPRT=O 1 MPEF.l1'v

4 READ 15934*ENO:291 IOP.I9 wEF-
DIF (IOP.LT.1.OR.1O*.GT.4) 50 TO 26 I u:'F^-
u ~GO TO 149495011)0 IOP lD~

7 2 4EfAO (5.35) U90DOMl I DEF-7

-3 RH0A=I.2'147E-3 I "PE; V2

11 3 :ZK=:PMsPO'l1.JE-8I*(uRHO.JI/1L.0eRMUeD)) i'r3PEFI
12 'HI:(9.O.Qi4OA.RHDA.UO)/(RHU~qO)HIIPF1
13 30 TO 6iP1 -F-
1-4 READ (5@36) RHO*RI4OAv.QUUoDtPDM L. Ui rI

1 GO TO 3 IuPCF'V'1
1-- 5 READ (59381 PHI*RK I MPEF '1
17 6 IF (IPRTI 797.6 IM~PEF 317

I= 7 WaRITE (69321 13 '(
13 60~G TO 9 'E1

E dRITE (6.33) 10
21 S- IF (IOP.rC.3) GO TO 10 F11

23 ZWITE (6941) RHC.q.4OA9:MU*D*J I Y EF Z3?
i3 ARITE (6942) PDN1 ., 'E P' T

e4 10 IF (RK.GT.3.13.A.VO.RK.LE.30O.) GO TO 12 lm2EP'.
Z.- IF (RK.LE.O.3.3Q.RK.3T.33O,) GO TO 27 1 uorFp' -

EFF=3.0 f,
27 SO TO 22 1l'PECI?7

Ii I EAD (5.37) RHO*RHOA.RMUoU.O I !UEFg?
2q :I41(9.O*QHOA.RHOAeU.D)/ IRNUeRHO) P~~

3* 12 IF (PHI.LT.2.0.OR.PHI.ST.10000.O) GO TO 28 1:F~
31 IF (PHI.LE.1.Ol GO TO 13
32 CALL NUMRTR (PHI) 11?DEF03?
33 13 IF (IOP.IdE.4) GO TO 21 I9*OEF033
34 WRITE (6.321 ID I MDEF fl4

.)o WRITE (6.41) RHO9Q.40A9QMU*D*J I 4PEF 035
"o 4RITE 16.43) PHI i'4OEF016
37 CILD:(RNO.U)/19..RHUsO)).1.OE-8 I MPEF'77

3R CALL WEIRUL (CHLD.qKHNOPO.APO.RKS) IMSPEFO38
39 SUME=O.O I"MPEF039
43 30 16 I=2.97 1 M: EF 04 t
4! IF (RKS(II.LE.3.13) GO TO 14 IMOEF941I
42 CALL LAGO'4G (PHI..?XS(I)vE4I))1MEF4
43 GO TO 15 1 MP EF f!4 1
44 14 EtI1:0.0 1 MPEFO04 4
45 15 SUME:SUME+E(I) I MPEF04S5
46 16 CONTINUE IMNPEF046
47 AYGE:SUME/9G. I MPEFO4 7
48 WRITE (6.44) AVGE IMPEF04A
49 WRITE (6031) 1 MPEF 04 q
5c WRITE (6.45) IPEFO05
51 LINESZ12 IMPEFO5 I
52 DO 20 I=2#97 I MPEFM 2
53 LINES:LINES.2 I MPEFO5 3
54 IF II.EQ.501 GO TO 17 IMIPEFO54
55 dRITE (6*46) IvPDtIh9APD(I)vRKStII.E(I) IMPEF055
56 IF (LINES.LT.55) GO TO 20 IMPEFOS6
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57LINES=. I PEF It 7
5d .IRITE f6v30) 1 MDEFI0r

LZ O TO 20 1 P, f;-
;1 17 IF (QK.MI3.LE.0.131 GO TO 19 1 VPEF 'It I

i2 '.ALL LAGQR46 (PHI.RKM'4O.-F)F 1 "EF062
S3 18 4RITE t6.473 I.PO()IK..EFFADI.R4S(!,.r(I) !!E"3

E O TO 20 1 WD'F 9:
65 13 EFF:O.O m -rF q-r
ED ~30 TO 18 .orrr,.

67 ZC: CONTINUE 1~dE'?FV 7
EQ1=98 I I-PEF I-0

b.RITE (6.1 I.PO(I) £"ff I:
7-. IPRT=-1 ("

71 30 To 23 1 mo:F( 71

7z 1Z CALL LAG44G tPHI.ZK*CFF) J"FF1
7 3 2 4rITE 16.39) PHI*PK*EFF i 1:c

75 23 IF tPHI-1O.) ?4.25.25 'jF'-
71,. 24 .RITE (6.401
77 25 J-1ITE (6.313 I"PEFn"77

7cO3 TO 1 140F172

73 26 JqITE (6.48) 13P I -O- '
E_ 30 TO 29 1,A)FP

ol 27 ORITE (6#49) RA I M'EF1-I
30 TO 29 1 U v 3 1.

r4 29 CALL EXIT 1 jFF~ I'
OD 30 FORMAT (I HI) I MPEF 1
Do 31 FORMIAT ( /I 3 I3Cf

87 12 FORMAT (I 1 *7 9A1I I ND4' r1

?3 33 FORMAT IN .H79A1) I mp-F 1P~ e
H 34 FORMAT (I1.79A11 I 9'EF V

9G 35 FORMAT (3FIC.0) lprt

91 37 FORMAT 13F0.0/3F1O.3) !M>EFCV'
v2 36 FORMAT (3E13.GJ3FID.3) IMPEF'1-7
93 38 CORMAT (2F10.OJ) IM'PEFORI
04 39 FORMAT (40H VELOCITY rIELD SCALI'JG PAqAM-TER. P141 :.rii.:.,2'. i,%rqiMPEFCQ4

I5 ITIAL PARAMETER. K =.F9.4/32H INERTIAL IMPACTION EFFIC IENCY :,F9.7)IM OEFr95
96 4.0 FORMAT £3514 POTE'TIAL FLUID FLOW M'AY NOT APPLY) IMPEFO~IG

i7 .1 FORMAT (194 PAR~TICLE DENSITY :.IPEIO.4.64 GM/CC. 4Xol5HFLJiD DENS1J4PEF097
98 1Y :.IPEIXO.4.6H GM/CC/18H FLUID VISCCSITY =.1PE1OI.4,6 POISL*4%v RPrFO8
99 220HCOLLECTOR DIAMETER =@OPF7.4.3H CM/23H FREE STPEAM VFLOCITY :. IMPFFn39
133 30PF9.397H CM/SCC) IMPEF1ICI
101 42 FORMAT 1 20H. PARTICLE DIAMETER =sF8.398H MICRONS) I MPEFlI1
132 4.3 FORMAT (40H4 VELOCITY FIELD SCALI4G PARAMETER. PHI =9FI1.41 IMPEF112
133 44 FORMAT (40H4 AVERAGE INERTIAL 1('ACTION EFFICIENCY =9F9.7) IMPEF 113

34 45 FORMAT (3X.1OHCUMULATIVE.6X,7KHAXIMUM6X.8IJTERVAL.17X. IMOEF1'34

105 ISHINERTIAL/4X96HPER CENT96X99HPART DIAM,SX#74AVEOAGE.4X, 114PEF 1r)
106 28HINERTIAL.6X,9HIMPACTION/X4HMASSBX3i(tICQDNS).4X.9H(MICRONS) .IMPEF1OG
107 33X,-9HPARAMETER.QX.IOI4EFFICIENCY) IMPFF17
138 46 FORMAT (6X.139,XFB.3/.3lX.F8.3.3XF9.4.5X.F9.7) IMPEF~flB

109 47 FORMAT (6X.13.9X.FB.3. 16X.F9.4,5X.F9.7.4H MMD/3!X.F8.3.3XF9,.4.5XIMpEF109
110 1F9.7) I MPEFu11
111 48 FORMAT £7H4 OPTION.12.174 IS NOT AVAILABLE) !MPEFIII
112 49 FORMAT 1244 INERTIAL PARAMETER- K =,E11..9,1314 OUT OF RANGE) IMPEFlI'

113 so FORMAT ('4014 VELOCITY FIELD SCALING PARAMETER. PHI :.rl'4.9#l3H OUT I MPEFI13
114 IOF RANGE) I MPEF 114
115 END I MPEF 115
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.tAUDE .PELLEGR INO.ifEIBUL 
VIJ~

I SUBROUTINE UEIBUL ICHLD*RXMMDPD.APD#RKS) WEISUL17

z DIMENSION ,OiS8,.APO(97l9RXS(97) uEIBUL31

3 READ 15921 ETA*8ETAGAMMA wEISUL14

'4 WRITE f6.31 ETA.BETA.GAMKA J1UI

5 PO.ER=1*019ETA 4 E I ULI A

6DIFF:ETA-GANNA WEIBUL'

7 D0 I INC=2996 WEIt3UL9

8 POUINC)=GAMMA.lIIFoi(ALOG1OtDFOTICIO %fEI'UL38

-3IF tINC.EGZ) 60 TO I ,IEI9JL'1

10 AI= POIN3*O()IZ 4EIRUL1 I

11 
W~IAOI.Pt~~OIEIBUL17

is I t:ONTINUE 
liEISUL1 3

14 qKhPOfS3VPO(5O)*CHLD 
'JE1 3UL1'4

is RETURN 
WE13ULI S

16 2 FORMAT (3F10.O) 
VE13ULIF

17 3 FORMAT (28H WEIBULL PAQAMETERS: SCALE :.FIB.'&.9H SHAPE =*F?.4* OaEIBUL17

16 112H4 LOCATION =*F9.4) 
JE1IBUL1 P

1.3 END ~IU1

34
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CLAUDE oPELLEGR 1NO.LAGR4G
1 SUBROUTINE LAGRNS (PNI.R4,EFF) LASRNGOI
2 DIMENSION EN(131 .E0(13.)DlFt13).XI131.ELD(7).ELN(?).OIFLg710Y(2l. LAGRNG'
3 1 RNT(*0) LAG R&4GI I
4 DATA X/''.785361b93S-.05503014kv.133l-ARG!

b 29.21l34j38/EN/23720.1-181238S.47.2647.88...6311.7591# LACRNGnf,
7 341628.3 399-2.77'.864318228.2921,-2q986.1752.45785.7457,- rqN7
a 489020. 3OO4.33O2OEr..731 .-1864839.07,171702e7.1/C'LD/10OSJ8.27S3,- LAGRNG'P
3 S1523.1O9289610.97745.-479.2Gl7beS43.540964.-ISO1.68156.8921 .7671,.LAGqNGJ1
13 6RNT/0.229O.5.I.0/ LAGPNf-G1'
11 KIN=1 LAt3O'lG 1
Z2 1 IF ( .-LT.RNT(KIN)) 30 TO 2 L AS-NGI?
i3 KIN:=(IN.1 LAGQ* Gl
14 IF (KIN-3) 1.192 t. AGR'J0I

I) 2 RKLX:ALOG(QX) LAGQNGIc;
i IF I,0HI.LE.I.0) GO TO 5 L AdQt;.I

17 EFF:O.O LA RI317
18 INC:1 L ASP4 I2
''3 IF (RK.GT.64.0)I NC~e L AGPD431
20 DO 4 N=2914oINC L A5r,'
21 CALL 00LY (N.KIN.RKLX#E) LAGRN0;,

2?IF (INC.EO.ZI GO TO 3 -L A3PkjG2.
3EFF=EFFEN(N-uCODN-n.-E LAGRJ4.'!

24 G0 TO 4 LAI;Z - Is
Z5 3 I:N/2 L A:O%G?c
26 --FF:EFF.EL'NI,,ELD(I).E L j)'G'
17 CONTINUE L ASNG27

29RETURN LA3R'JG'
2 ~ DO 0 6 NZ1.2 L A', '

3.3 CALL POLY (N.KIN.RKLX.E) LAr*'4GI
31 Y(N)=E L. Al, QJG' II
!2 1- CONTINUE I ABO'JG'
33 EFF=YU)91.PI)YI2I*P4I LAGRNu7 3
34 RETURN LAG JG3a
35 ENTRY NU'4RTR(PHI) LASR'4G35
36 PHIL=ALOG(PHII LAGPNGIC
37 DO 7 I1913 LAGqNG37
38 DIF(IZPHIL-X(Ill LAGPNG34
39 IF tI.GT.7) GO T3 7 LAGPNG39
4G DIFLI I: C0NIL-XfI.-In LAGRNG40
41 7 COuTINuE LAGPN41
42 00 9 1=1-13 LAGRNG4 ?
43 ENJMi:1.0 LAGRNG43
44 ELNUM=1.0 LAGR04G4 4
45 00 8 J=1913 I AGqNG4 5
46 IF (I.EQ.J) GO TO 8 L AGRNG4 q
47 ENJII:OIF(JI.ENUM L AGRNG4 7
48 IF II.GT.7.OR.J.GT.7) GO TO 8 L AGPNG4 8
49 ELNUM=DIFLN.ELNUM I AGRNG4 9
so 8 CONTINUE LAGRNGSO.
51 ENII)=ENUM LAGRNGS 1
52 IF (l.GT.7) GO TO 9 LAGRNGS 2

53ELNIIIELNUM LAGRNG5 354 9 CONTINUE LAGRNG54
55 RETURN LAGRNG5S
56 END LAG'QNG56
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:L AUDE .PELLEGR 14O.0'OLY
I SUBROUTINE POLY (N.KIN.XvE) DOLY3011
2 DIMENSION NCOFI56),P(l'..4.81 POLY3an2

it DATA NCOr,6.7,7.8.s66.67..777&.7786.6,.7,7.6,7.7.7.6.6.7.7oPOLY~rlf3'

,a c PHI = POLy:3f)^-
6 DATA (1)(1,1.I-1=1.6/-2.28O42.-35.459569-297.1B542-462.32274POL000;.
7 1-360.036598.-Il 1.55255/IP(1..JhJ17/6.34817S.3S5.99417% POLYG007

i 21030.9451. 408.1Z69.106q4.5792.q21.7S1O26I.78Ih1330,tPI1,3.K1.K=I . POLY0Dln
3N .- 62.940926.-12n.18'87-SS.164326.-27.596711g-3.9510?,34.- POLYOO"'3

I, .7522-.117EZI(-.lL18/)C39U--.323CEOL'3"
11 54,-1.6152915E-3,8.3885281E-3,-2.2095.9E-2..09?317"E-3.- POL'fV':1
12 6.79783478.-3.9I813Zi3E-2/ POLY:31'
13 C PHI 1 I OLY301 3
14 DATA (P(2.1.I1.I,6#4.984675952.832639 9 21f'.594flt-03.96l04. POLY1O14

131376.12181. 137.7212/10(2,2,J).J1.6)/-3.6211216E-2- .17775906.- P0LY301c
IQ 2.54651109.-.75115414..1.2866331.-.13762136/('(Z,3.K.116)/- PI3LYO311;
17 31.7649616.-.283DB164E1.-.4dV90)678.-.22B1120R.-.77'a487369- C0OLY"017

41 *1.11 19515E-2/ (P(Z.4.L)L I 171/9.3871216E-S.-1.4o5l483E-3. POLYlO) 8
li 59.629Z892E-3.-2.9244455E-2.1.917,188E-',*-.78756838.-1.1119545E-2/ POLYl3Ol

-1 c HI =2.2 PCOL Y1T"7 ̂
I DATA (P13.1.1) .I:1.6/-26.20198-212.34232-;68.7466-1116.743.'OLY21

22 1 -9D5.75446.-293. 158r8/(P( 3.2.J) .J:.7) /-2.9Sn9758S9-1 9.546255.- POLYD0I
z32 2758 97 .5 56 -990 4 i2.1 59 .4 19 57 ((9 .)KO L3j,
2431.71/1.6140825,1.0850372.-.9742b53,-.93O0(11?R.-.S2 )606.- 2OLY044

4.76202787. 2.4O426S1E-4/(0(394,L) .L:1.71/2.031843 C-S.-5.9133j702E- OOLY307
iG 54.S.5930552E-3.-2.1.70663E-2.1 .2375939E-2.-.77654255.2.4-363Z57E-4/'0LY')a%
27 C PHI =5 PGL lO'7
28 DATA (P14*19I)oI=1961/-26.2124249-214.28974.-701.612149-1148.349#-PoLYIC?8
29 1941.31809.-307.88626/(P(4,2.J) ,J=1 71 /.q551738992.6995224, OT.tl
33 26.5915579.B.366522395.91488am.1.4364731..3573c)86/t D(4.3.K) .K:1.7h/POLY~ja''
31 3-5.810Z354.-14.8262711.-13.&Z91239-5.'.ao32519-.8S80772.-. ?8 tj10B 9. 0OLY0OD31
32 41.7312087E-2/EP(4.4.L) .L=198)/-3.6119607E-').G.3913339E-4.- POLY3012
33 5 4. 79 9 708 6 E -3.2.03 6 73 8 7E -2-4 .75 88177 E- 2 *3. 79 914 13 E- 2 #-.7 77 Ga j2 2 * 00LY0033
34s 6.01731202/ POLYOGI34
35 C PHI =10 POLY303S
36 DATA (P(5.1.I).I=1,6)/-50.6649B7.-423.64833,-1415.(,474.-2361.2307.-I0LYD0336
37 1-1965.81649-652.498s9/ (P(5,2.J).J:1,6 1/..062968392.- .19555374.- POLY0037
38 2.24037953,.0112's4131.-.609112889.97500309/tPt5 3.K)oK:1 .71/ POLY0 7

8

39 31.4S97121E-299.49348899E-2..281023319.3238649, .20596467.- OOLY0039
40 4.7(j590523.3.7057228E-Z/(P(5.4,L1 .L=197)/9.66830GE-5.-1.6339242E- POLY3040
41 53v..1191886E-2.-3.5935414E-293.336479E-2v-.76624,1593.7D5719lE-2/ O0LY0041
42 C PHI =22 POLY0042
43 DATA IP(GvlI)196)/-76.950465-651.69666-2206.645-3732.3263-POLY0043
44 £,3153.5891.-1063.8S74/IP(6.2vJ1 .J=1.7)/5.76446?2237.S222e59 POLYD0'44
45 2 103. 76 219 914 2. 6 9311 s12. 43 4964S. 5 94O03 98. 0 517B84 2 /( P (6 93 K ,pK=1 9 0 0L Y0 04 5
46 3/-4.77675589-I 2.444464.- 11.S005569-4.5950604 .-.689ft7081.- POLYflO46
47 4.74831659.6.6480331E-2/(P(6,e..LIL=1.7)/1.717758GE-4.-2.6882966E- POLY0047
48 53. 16780465E-2,-4..9847116E-2,4.9792698E-2.-. 75707841.6.648065E-2/ "01LY0048
49 C PHI =50 POLY3049
50 DATA (P47.1.I),t:1,v6)/-S9.938282.-501.29199.-1675.1358.-2793.8696,POLYDOO'
51 1-2325.6901.-771.9o:325/qPg7.z.J).J:1.s, /-.40153928.-1.7185120.- PO0L051
52 22.6991333.-1.626665Z.-.89185129. .21709087/(PC7,3.K ).K=17)/ POLY90S2
53 35.7990554E-2..31663007..6707s199t.616SCl629..t00368999-.66?25648* POLY90O'3
54 4 .10659907/(P(7.4vL).L:1.71 /1 .853713E-4.-2.7976853E-3 1 .7395729E-2,POLYOOS)4
55 5-5.069296E-295.2331505E-2.-.73985798..106599o3/ POLY0055
56 C PHI 100 POLY005f)
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57 DATA (P(8.1.X).I:l.1-17.64731.-135.7757-427.927.-677.2163POLY3lr7
5d 1-535.96ZD7,-168.81351,CP(82J,.:1,)6 I,.3i4?Z6t.612.4416096. POLY.'30r,8
59 26.3C,2389.7.9466487.0~134799.1.223o1 1 1/CP(8.3,K).K:1.61/- POLVqoSq

6.1 36.3096724.-9.4214242.-4.5663823-.70h1192.-.71550'.8,. 14857'4SZ/ POLYV])rr
614(P(8.4,L).L=1.83/9.006nl50E-5--.2733944E-3.6. 5331 'j56E-3.- POLYS'); I

62 51.251511%E-2.-3.381?54E-31.7035729-2-.7136Z4..14b74"/ POLY33V2
63 C PHI =200 PCLY31)-' I
64 DATA (P(9.1.I)I .I16I-42.396161.-355.31647-1192.688,P-203.967P.POLY"0F"
65 1-1684.9Z16.-566.20439/ P 9.2,J).J=1.7)/1 .066!)894.8.7591944. :'t-LY'10;S
L~o 228.50104 ,47.240840.4Z.393325.18.867897.3.8321726/(P(9,1.KI.K:1 .7irOLYD,1;.

673/-39.46U761.-80.456781.-60.7'482919-ZD.641773.-2.95972419- POLY'1':~7
69 q.8U941524.19835457(P9.I..tj.L=1.81/-.48157E-Q .S.4965192E-3.- POLYI1I 8
69 53.465441E-2..11210.716.-.19695587..16839.-.7357'41..*STh'5Z5/ POLY2G '
7G C PHI :500 POLY3C'f
71 DA!A (PC io.1ip,1o:1.S)/-12.020613.-92.5Gb931.-28..7587.- POLY'071
72 1436.409oQ,-333.62156.-1o:.8aa33,gP(1o*2.Ja.J=1.s2,-1.42573C..- POLYnO77
73 28.0514717.-18.34894-19.61'.ooI.-11.357255-.9631o1/PulO3.su * tOLY3071
74 SK=1.63 ,Q.2113941.7.1224666.4.179r'24591.o1218e49-.58806253. OCLY3174
75 4.2745854Q)/( 0 (10,4,LI.L=1.7)/1.9737683E-4.-?.72B5r,78E-3.1.4oS3205E-P0LY0175
7o 52e-3.7207531E-2.2.6365P5E-2..66753359.274CO5a4/ POLY:307f%

77 C PHI :1030 PCLY3077
78 DATA (P(11o..I .1/14.82q3897.32?97.:4f.33938.2,3.37799. DOLYJ07P
79 1109. 15044/(P(11.2.J).J=1.8)/17.029397,137.4i2034,471.41482* POLY30793

at, &'28q.10322.987.87372653.5.236.55692.36.739,44(O(ll.3.K).F(1,7/POLY0-~0

El 347.9e3167.101.37274.80.S671*29.544.4.a6l6r24.-.389930379 DGLY'j';:

83 5391.7151807E-3.-2.9558Z58E-3.-l.23i578E-?-.63346Th9..343763/ OCLY39^-!
84 C PHI =2210 D0LY04

EDDATA (PC 12.1.l),I:1.6)/-63.3S4116.-536.67989.-18*-8.279c.- DOLY0r
86 13078.5398.-26UJ4.681 1.-879.718nl3/1DU2.2.JhJ17;/(.4439511. POLY30F

c7 241.998908.112.46264.158.048012.122.B5226.a9.373179.a.7539136/1(12.C0.Y3C*7
;a33.K *K=197)/-36.484327,-77.53217'a.-62.8012408.-24 .102723.- OOLY11V'
C344.325,1476.-.9238608..427816/,PU?',L.L:1Rh,-3.736797E-6. PCLYJr3,j
5.^53.6233045F-S.-Z.3078772E-492.1297687E-3,-1 .n367251E-2.2.b019194E- POLYil

91 63#-.62493408..42781593/ DOLY1lVI
92 C PHI =5000 D0LY3312
43 DATA O OLY"T)3
94. 15139.6O489-4376.3562-1487.8)4/1(13,2.J),J:1 .7l/4.6788flI5. PL33

96 33,K) ,K=1.7)/34.13216,E99.52454,53.2816E.3. 19.149472.3.2204642.- -OLY-113F
37 4.38616475*.53065892/(P( 13#4.LD I L:1 P8)/-4 .4C.36r,83E-S. 7. 11493327E-4 *-0 OLY100 7
98 54.7031388E-3.1.7e2214zE-z.-4.2365884E-.4.443432E-2-.632,5244 * POLY3092
99 6.53065886/ *CLY309

100 C PHI :10000 POLY0 13n
101 DATA (P(14,1.I).I:1,.5)/10.993253.71.12b908.173.31109,187.3833. POLY01')I
102 177.147214/CPC14.2,J) .J:1.8)/10.6F0898.84.798844.Z6F.49179# PGLYM1r2
103 2S32.491989587.36483.384.0610)9,137.03167,Z1.43P196,(P( 14.3,I().K:1 , POLY0133
134 37) /-16.23728'4.-32.2699.-Z'..002293.-O.3's8972j.-1. 3820594.- POLY11m4
Ics 4.697228169..1335532flPf14,4.L).L:1.8I,-1.0477196E-491.F;059967E-3.-OOLy31ns
106 59.727126SE-3.3.o350984E-2.-5.1.85I738i-2,U .47041lilE-2.-. 60594781. POLY0lDS
107 6.61335528/ POLY3 117
108 NS=4*IN-1)*KIN DOLY01'1B
139 M=NCOF(NS1 POLYG v'9
110 RLLRE=P N*KI4#1) POLY3110
111 DO 1 I:2*M DOLYD3l 1
'112 RLLRE:RLLRE.X+P(NtgINIl) POLY)I 12
113 1 CONTINUE POLY011 3
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114 E=I,,i(EXP(EXP(ALLREII) DOLY.3114

115 RETURN DOLYl1 15
11 END POL Y3 116
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